I. INTRODUCTION
T HE driving forces for the wider implementation of photovoltaics as a source of energy production are cost reduction and efficiency enhancement. Within the next years, the conversion efficiency of Si single-junction solar cells, as the most widely used and established photovoltaic technology, will converge toward its practical limit of ∼26% [1] under 1-sun conditions. This efficiency limitation can be overcome by adding one or more cells with bandgap energy larger than 1.1 eV to the Si cell. Thereby, short-wavelength photons are converted in the higher bandgap top cells, which reduces the thermalization losses in the solar cell device and leads to the generation of an additional voltage. Simulations, based on the detailed balance limit, have shown that dual-junction solar cells with Si bottom cells can achieve theoretical efficiencies over 45% [2] . The optimum top cell must feature a bandgap energy in the range of 1.6-1.8 eV [2] , [3] and a high external radiative efficiency [2] .
Today, research on Si-based tandem solar cells focuses mainly on concepts with top junctions containing either III-V compound semiconductor [3] - [6] or perovskite absorber layers [7] - [9] . Both material systems allow a wide range of bandgap energies; however, the application of perovskite solar cells still suffers from chemical instabilities and performance degradation [10] . In contrast, III-V multijunction solar cells have been applied successfully for several years in terrestrial concentrator systems and are the state-of-the-art technology for power generation on satellites [11] . Rear-heterojunction GaInP singlejunction solar cells with ∼1.8-eV absorber layer have achieved 1-sun efficiencies up to 20.8% [12] . Consequently, they are, today, the most qualified candidates for a top cell in Si-based tandem devices. However, direct deposition of 1.8-eV GaInP solar cells on Si by metal-organic vapor phase epitaxy (MOVPE) is challenging [13] , [14] because of a factor of 2 difference in thermal expansion coefficients [15] and a 4% lattice mismatch [15] between Si and the most common III-V layers that are lattice-matched to GaAs. These can lead to the formation of minority carrier recombination centers in the III-V solar cell, which reduces its efficiency [14] . It is, therefore, beneficial to deposit the GaInP top cell lattice-matched on a GaAs or Ge growth substrate and to merge it afterwards with the separately fabricated Si bottom cell. The cells can be connected either by wafer-bonding [5] , [16] or mechanical stacking [3] , [17] , [18] . Stable wafer-bonding requires flat particle-free surfaces with root-mean-square roughness values below 1 nm [19] . Hence, only especially designed Si cells with planar front sides can be used and additional chemical mechanical polishing of their surfaces is necessary. Mechanically, stacked III-V/Si cells are typically connected by an adhesive [3] , [17] , [18] , which allows high flexibility for the topography and architecture of the two subcells. In contrast to monolithic III-V/Si solar cells, mechanically stacked, four-terminal, dual-junction devices do not require a tunnel diode between the subcells, which reduces the complexity of the top cell growth requirements. To date, mechanically stacked III-V/Si tandem solar cells containing commercial Si cells [18] , back-junction back-contacted Si cells [20] , and Si cells with passivated back contact [3] have been demonstrated, and 1-sun efficiencies of 27% have been achieved [3] , [18] . In comparison, III-V/Si dual-junction cells fabricated by wafer-bonding or direct epitaxy achieved 1-sun efficiencies up to 25.2% (3-junction) [16] and 21.4% (2-junction) [21] , respectively.
We have fabricated a mechanically stacked GaInP/Si tandem solar cell consisting of a rear-heterojunction GaInP top cell [12] and an a-Si:H/c-Si heterojunction (SHJ) bottom cell. SHJ solar cells have proven high open-circuit voltages (V OC ) of up to 750 mV [22] thanks to their excellent surface passivation. This is achieved by inserting an intrinsic hydrogenated amorphous silicon (a-Si:H) buffer layer underneath n-type and p-type doped a-Si:H contacting layers [23] . Excellent external quantum efficiencies (EQEs) in the long-wavelength range contributed to record 1-sun efficiencies with fully back-contacted SHJ cells of 25.6% [24] and of 25.1% for both sides contacted SHJ cells [25] . A challenge for SHJ cells is parasitic light absorption in the a-Si:H and transparent conducting oxide (TCO) films [26] , especially for short wavelengths at the front side of the solar cell. The integration of an SHJ as a bottom cell in a tandem device with a GaInP top cell minimizes this intrinsic limitation of SHJ cells: Excellent conversion of short-wavelength radiations up to 690 nm is realized in the top cell, and efficient conversion of the longer wavelength radiations is achieved in the SHJ bottom cell.
In our GaInP/Si dual-junction solar cell, the GaInP and SHJ subcells are operated independently (four-terminal operation), each at its own maximum power point. In contrast to a series connection of the subcells, which is typically used in monolithic multijunction devices, there is no need for current matching between the cells, which makes the device more tolerant to variations in the solar spectrum [27] and to the top cell bandgap energy [3] . In this paper, we discuss the solar cell design, loss mechanisms reducing the photocurrent in the bottom cell, and the effects of photon recycling and luminescent coupling between the subcells. Furthermore, experimental results of our highly efficient tandem solar cells are presented.
II. DESIGN AND FABRICATION

A. Structure and Design of the Tandem Solar Cell
The schematic cross section of our tandem solar cell structure is shown in Fig. 1 . The rear-heterojunction GaInP top cell has metal grids and antireflection coatings (ARCs) on both the front and back sides. A thin layer of optically transparent electrically insulating epoxy (LOCTITE ECCOBOND 931-1 from Henkel) is used to attach the top cell onto a 600-μm-thick glass slide. The glass slide acts as stabilization for the 1.7-μm-thick GaInP cell during its processing and allows a completely separate fabrication of the top and bottom cells until they are glued together using another layer of epoxy (details described in Section III). The SHJ bottom cell has a standard structure, in which the textured silicon wafer is sandwiched between stacks of intrinsic and doped a-Si:H layers and TCOs. The busbar of the bottom cell lies outside of the illuminated cell area and extends to the side for easier contacting. A sketch of the top and bottom cell designs and a photo of two tandem solar cells fabricated as described are shown in Fig. 2 . The top cell is surrounded by its gold back contact, which confines the illuminated area of the slightly larger bottom cell (nominally 1.03 cm 2 ) to 1.00 cm 2 , which equals almost the mesa-etched area of the top cell. The top cell area defines the illuminated area of the tandem cell device during its characterization and was experimentally determined to be 1.006 cm 2 . Special attention has been paid to reduce photocurrent losses caused by optical reflections and shadowing in the tandem cell structure. For this, the metal grid lines at the front and back sides of the top cell are aligned, and the front Ag grid of the bottom cell has been optimized for a current density of 20 mA/cm 2 . The design results in a shadowing of, respectively, 2.1% and 4.0% of the illuminated top and bottom cell area. Reflection losses caused by the epoxy/glass interfaces have been minimized by using glass slides (S-BAL41 from OHARA) having approximately the same refractive index as the epoxy of The photon currents were simulated with OPAL2 [28] , as described in the text. n = 1.56-1.55 in the absorption region of the Si bottom cell (690-1200 nm). The ZnS/MgF 2 and ZnS ARC coatings on the front and back sides of the top cell have been optimized using simulations based on the transfer-matrix method to maximize the cumulative efficiency of the GaInP and Si cells. The impact of the resulting reflection and the shadowing on the light transmission into the Si bottom cell is shown in Fig. 3 . For this calculation, the absorption of the intermediate epoxy layers and glass slide was neglected, which is reasonable, as even a very thick epoxy layer with average height of 20 μm absorbs less than 0.2% of the incident light. Fig. 3 also shows the reflection and parasitic absorption resulting from the TCO and a-Si:H layers on the front side of the bottom cell and the photon current losses calculated with OPAL2 [28] . The modeling considers a 230-μm-thick Si wafer and ideal Lambertian light trapping [29] but excludes losses associated with the back side of the wafer and luminescent coupling.
The transmission into the silicon cell, displayed in Fig. 3 , increases at wavelengths below the bandgap energy of the top cell (690 nm) due to the use of an optically thin 1-μm-thick GaInP absorber layer in the tandem cell. According to our calculations with OPAL2, the shadow, reflection, and absorption losses, which are shown in Fig. 3 and caused by layers on top of the Si wafer, correspond to a photon current density of 2.8 mA/cm 2 . This results in a maximum photocurrent of 23.4 mA/cm 2 in the Si cell. Parasitic absorption and reflection from the front side of the SHJ cell result only in a photon current loss of 0.66 mA/cm 2 and, thus, have only a minor impact on the bottom cell performance. The key parameters for a high photocurrent density in the bottom cell are metal shadow losses and the top cell reflections.
B. Photon Recycling and Luminescent Coupling
The GaInP/Si tandem device was designed to take advantage of the strong internal luminescence in the GaInP cell while, at the same time, allowing for nearly complete transmission of subbandgap light to the silicon cell. Because of radiative recombination, luminescent photons are emitted isotropically and reabsorbed multiple times within the GaInP layer. It has been demonstrated elsewhere [12] , [30] that a highly reflective mirror behind the cell enhances the reabsorption of those photons, thereby boosting the cell voltage. In our case, the index contrast between the semiconductor (n∼3.6) and the epoxy (n∼1.6) creates a reflector with an escape cone of ∼24°and an angle-and wavelength-averaged reflectance of ∼77%. Luminescent light that strikes the epoxy interface outside the escape cone is reflected back into the GaInP cell where it can be reabsorbed, whereas light that strikes within the escape cone is almost entirely transmitted to the silicon cell. As noted earlier, a ZnS dielectric layer acts as an ARC for light within the escape cone, to increase the transmittance. For GaInP test cells similar to those used here, the internal radiative efficiency can be as high as ∼80% [12] , and our analytical model of photon recycling [12] indicates that the epoxy reflector should lead to an increase of ∼10 mV in the V oc of the GaInP cell, compared with the V OC if it was directly bonded to silicon. The voltage boost at the maximum power point should be comparable with the boost at V OC , since these GaInP cells have very low n = 2 nonradiative recombination [12] , [31] . In the limit of perfect internal radiative efficiency, the voltage boost would be as high as ∼22 mV.
Because a large fraction of the internal luminescence is trapped in the top cell, the complementary process of luminescent coupling to the bottom cell is minimized. Luminescent coupling is the effect whereby a fraction of the internally emitted photons in the GaInP are reabsorbed in the lower bandgap cell, generating photocurrent there. In monolithic GaInP/GaAs tandems with similar GaInP top cells, the luminescent coupling strength can be as high as ∼50% [32] . In the GaInP/Si tandem cells discussed here, the luminescent coupling is significantly lower because of the narrower escape cone between the two cells, which is preferable for maximizing the tandem cell efficiency.
III. EXPERIMENTAL DETAILS
A. Fabrication of the Tandem Solar Cell
The rear-heterojunction GaInP top cell [12] was grown at NREL in an inverted configuration by MOVPE on a (22 × 22) mm 2 GaAs substrate. Gold back-contact grids for rectangular solar cells were electroplated, and an 82-nm-thick ZnS ARC layer was e-beam evaporated on the backside of the cell. After applying the transparent epoxy on the cell areas, the GaInP sample was glued to a 600-μm-thick glass slide (S-BAL41). After curing of the epoxy, the GaAs growth substrate was wetchemically removed. Front gold contacts were electroplated on the solar cells before they were isolated by wet-chemical mesaetching. The n-GaAs contact layer was etched in the regions without front metal, and a ZnS/MgF 2 (41 nm/97 nm) dual-layer ARC was evaporated on the front side of the device.
The bottom SHJ cells processed at CSEM have the following standard structures from top to bottom (see Fig. 1 TM ) with individual chambers dedicated to intrinsic and doped layer depositions. For the layer deposition, mixtures of the following gases have been used: silane (SiH 4 ), hydrogen (H 2 ), trimethylborane (B(CH 3 ) 3 , TMB) and phosphine (PH 3 ) for doping. On the front side of the wafer, a mechanically masked sputtered ITO layer defined the cell area. On the rear wafer surface, full-area ITO and silver contacts were deposited by sputtering. To finish the cells, a front metallization grid was formed by screen-printing low-temperature Ag paste.
Finally, GaInP/Si tandem devices were formed by stacking the glass slide with the top cell glued to it onto the bottom cells using the transparent adhesive. The alignment of the two subcells was verified using infrared reflection before curing the adhesive on a hotplate at temperatures up to 100°C for 20 min.
B. Characterization
The external quantum efficiencies (EQEs) and J-V curves of the tandem solar cell were characterized in an NREL-certified device performance lab at 25°C. The bottom cell EQE was measured at different spots of the tandem cell device (spot size: ∼1×2 mm 2 ) and for different operation conditions of the top cell (see Section IV). The J-V curves of the tandem cells were measured under AM1.5g spectral conditions. The light levels for J-V measurements were set using calibrated reference cells with spectral mismatch correction [33] , which decouples the uncertainty of the absolute magnitude of the EQE from the efficiency measurement. Additional shadow masks were used to limit the illuminated area to the size of the top cell and to prevent carrier generation in the Si wafer outside the top cell area. The EQE and cell characteristics of the SHJ cell before stacking were measured on a custom-built EQE instrument.
IV. CELL RESULTS AND DISCUSSION
The EQEs of the top and bottom cell in the tandem device and their comparison to the Si cell EQE measured before stacking are shown in Fig. 4 . These EQE curves are scaled with the shortcircuit current densities J SC determined from the J-V measurements under 1 sun. Compared with the plain SHJ solar cell, the GaInP top cell converts more photons in the short-wavelength region. The bottom cell EQE curves show oscillations, which are due to interferences caused by the top cell. Similar oscillations occur in the modeled transmission curve shown in Fig. 3 . Fig. 4 . EQE of the GaInP/Si tandem device sketched in Fig. 1 and of the SHJ bottom cell before stacking. The bottom cell EQE curve bot-#A was measured, while the top cell was at open circuit. The bottom cell EQE bot-#B was measured at a different location on the tandem cell and while the top cell was shortcircuited. Small deviations from the nominal top cell thickness lead to spectral shifts of the fringes in the two experimental bottom cell EQE curves (see Fig. 4 ), which were measured at two different locations on the tandem cell. The bottom cell EQE curve labeled bot-#A was measured, while the top cell was at open circuit and does not drop to 0% for wavelength below 550 nm due to the luminescent coupling between the top and bottom cells. Before calculation of the spectral mismatch correction [33] , this EQE was corrected for the luminescent coupling effect [34] . The effect of luminescent coupling was also easily eliminated experimentally in this four-terminal device by short-circuiting the top junction during measurement of the EQE curve labeled bot-#B [35] . Both of these methods lead, in our experiments, to negligible differences during the J-V measurements.
The J-V curves measured under 1-sun AM1.5g spectral conditions are shown in Fig. 5 , and the extracted characteristic parameters are summarized in Table I . The top cell generates 29.8 ± 0.6
The illuminated tandem cell area equals A t a n d e m = 1.006 cm 2 .
a J SC of 14.2 mA/cm 2 and V OC of 1.456 V and has an efficiency of (18.1 ± 0.5)%. In order to investigate the effect of luminescent coupling between the subcells, the J-V curve of the bottom cell was measured for three different conditions of the top cell: while it was at short circuit, at the maximum power point (P mpp ), and at open circuit (V OC ). For the first two measurements, a luminescent coupling corrected version of the EQE curve bot-#A from Fig. 4 was used, and for the latter, the uncorrected version of bot-#A. Notably, the current density in the Si bottom cell is 0.8 mA/cm 2 larger when the top cell is at V OC than at J SC , as the radiative recombination in the top cell is larger under this condition. In the eventual field operation of the tandem cell in a highly efficient module, both subcells will be operated at their maximum power point. Therefore, the most accurate analysis of the cumulative tandem cell efficiency requires the bottom cell J-V curve to be measured, while the top cell is kept at its maximum power point (see [32] ). Under these conditions, the bottom cell generates a J SC of 22.7 mA/cm 2 and V OC of 677 mV, which is close to the values measured, while the top cell was kept at J SC . The J SC generated in the Si bottom cell is 0.7 mA/cm 2 smaller than the maximum photon current calculated in Fig. 3 , which can be explained by imperfect light trapping, and parasitic light absorption at the backside. The somewhat low V OC compared with a regular 1-sun SHJ cell is, first of all, due to the reduced photocurrent in the bottom cell application (23 mA/cm 2 instead of 39 mA/cm 2 ) but also due to a process-induced degradation of the passivating layers during the device fabrication. Before stacking, the employed Si bottom cell reached a V OC of approximately 710 mV under 1 sun and of 690 mV under 0.5-sun illumination. In comparison, V OC of about 740 mV can be realized for larger SHJ devices under 1-sun illumination [36] so that 10-40-mV gain in the bottom cell V OC can be expected after dedicated optimization. With a fill factor (FF) of 76.2%, the Si bottom cell reaches an efficiency of (11.7 ± 0.4)% in the tandem device, resulting in a cumulative tandem cell efficiency of (29.8 ± 0.6)%. To the best of our knowledge, this is the III-V/Si multijunction solar cell with the highest 1-sun efficiency. This efficiency exceeds the theoretical efficiency limit (29.4% [37] ) and the record experimental efficiency value (25.6% [24] ) of a Si single-junction 1-sun solar cell and is also higher than the record efficiency 1-sun GaAs device (28.8%) [38] , [39] . It is also close to the record 1-sun efficiency for dual-junction solar cells of 31.1% [40] , which was achieved with monolithic GaInP/GaAs devices.
Efficiencies over 30% are potentially achievable with our GaInP/Si tandem cell design by increasing the short-circuit current density in the top cell and increasing the generated voltage and FF in the SHJ bottom cell.
V. CONCLUSION
We have developed a mechanically stacked GaInP/Si dualjunction solar cell consisting of a rear-heterojunction GaInP top cell and an SHJ bottom cell. The cells are connected with intermediate layers of low-refractive-index material, which enhances the photon recycling in the top cell. Our tandem device reaches a cumulative 1-sun efficiency of (29.8 ± 0.6)% (AM1.5g) in four-terminal operation, which is a new record for III-V/Si multijunction solar cells. 
